Abstract-Contrast-enhanced ultrasound (CEUS) imaging has great potential for use in new ultrasound clinical applications such as myocardial perfusion imaging and abdominal lesion characterization. In CEUS imaging, contrast agents (i.e., microbubbles) are used to improve contrast between blood and tissue because of their high nonlinearity under low ultrasound pressure. However, the quality of CEUS imaging sometimes suffers from a low signal-to-noise ratio (SNR) in deeper imaging regions when a low mechanical index (MI) is used to avoid microbubble disruption, especially for imaging at off-resonance transmit frequencies. In this paper, we propose a new strategy of combining CEUS sequences with the recently proposed multiplane-wave (MW) compounding method to improve the SNR of CEUS in deeper imaging regions without increasing MI or sacrificing frame rate. The MW-CEUS method emits multiple Hadamard-coded CEUS pulses in each transmission event (i.e., pulse-echo event). The received echo signals first undergo fundamental bandpass filtering (i.e., the filter is centered on the transmit frequency) to eliminate the microbubble's second-harmonic signals because they cannot be encoded by pulse inversion. The filtered signals are then Hadamard decoded and realigned in fast time to recover the signals as they would have been obtained using classic CEUS pulses, followed by designed recombination to cancel the linear tissue responses. The MW-CEUS method significantly improved contrast-to-tissue ratio and SNR of CEUS imaging by transmitting longer coded pulses. The image resolution was also preserved. The microbubble disruption ratio and motion artifacts in MW-CEUS were similar to those of classic CEUS imaging. In addition, the MW-CEUS sequence can be adapted to other transmission coding formats. These properties of MW-CEUS can potentially facilitate CEUS imaging for many clinical applications, especially assessing deep abdominal organs or the heart. Index Terms-Contrast-enhanced ultrasound (CEUS) imaging, Hadamard encoding, multiplane wave (MW) compounding, nonlinear imaging.
Improved Contrast-Enhanced Ultrasound Imaging With Multiplane-Wave Imaging I. INTRODUCTION C ONTRAST-ENHANCED ultrasound (CEUS) imaging brings great capabilities for many clinical applications such as myocardial perfusion imaging [1] and abdominal lesion characterization [2] . Contrast agents (i.e., encapsulated microbubbles) are used to improve contrast between blood and tissue because of their high nonlinearity under a low mechanical index (MI). To better detect nonlinear microbubble echoes, several CEUS imaging sequences are widely used to suppress linear tissue signals, including pulse inversion (PI), amplitude modulation (AM), and pulse inversion amplitude modulation (PIAM) [3] [4] [5] [6] . These CEUS imaging techniques generally involve exciting the contrast agents with a pair of transmission events (i.e., pulse-echo events). The emitted pulse of the second transmission event is generated by modifying the pulse polarity (i.e., PI) or amplitude (i.e., AM), or both (i.e., PIAM) of the first transmission pulse. Then, the backscattered echo radio frequency (RF) signals from these two transmission events are combined to selectively cancel the linear response from the tissue and amplify the nonlinear response from the contrast agents. Low MI is usually used in CEUS imaging to avoid microbubble disruption, which can lead to low signal-to-noise ratio (SNR) in challenging patients [7] . This may not be a big problem when imaging at the microbubble resonance frequency. However, in applications where a higher imaging frequency is needed (e.g., better image resolution is required), low MI combined with off-resonance frequency often lead to low SNR of microbubble signals, especially in deeper imaging regions. Therefore, enhancing the contrast-to-tissue ratio (CTR) and SNR of these commonly used CEUS imaging sequences without increasing MI is critical to improving the robustness of existing clinical CEUS applications as well as expanding CEUS to other potential clinical uses. Multiplane-wave (MW) compounding was recently proposed as a way to increase SNR in conventional coherent plane wave compounding [8] without sacrificing the spatial resolution or frame rate [9] . In MW imaging, multiple plane waves with different steering angles are emitted quasi-simultaneously with a short interleaved time delay (a few microseconds) in each single transmission event (i.e., the pulse-echo event). Each plane wave is coded with a +1 or −1 multiplicative factor according to the entries of the Hadamard matrix. Upon receiving, the RF signals are decoded through addition or subtraction and then realigned in fast time to recover the signals as they would have been obtained from each steering angle. The decoded and realigned RF signals are then beamformed and compounded using the conventional coherent compounding plane wave imaging approach to improve SNR [9] .
In this paper, to take advantage of the increase in SNR in MW encoding, we describe a new strategy of combining CEUS sequences with MW imaging using AM as a first step of investigation. The MW-AM method mainly images microbubbles using their backscattered fundamental 0885-3010 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See ht. tp://ww. w.ieee.org/publications_standards/publications/rights/index.html for more information. nonlinear energy. This is because the second-harmonic component of the microbubbles cannot be encoded by the Hadamard matrix in MW compounding [10] . This paper is organized as follows. Section II reviews the concepts of MW compounding, and then the method for combining the MW and CEUS sequences is explained in detail with an example of AM imaging. The experimental configurations are also introduced. Section III compares the results of AM with conventional plane wave imaging [11] , [12] and the proposed MW compounding method, including image qualities (CTR, spatial resolution, and SNR); MI impact, microbubble disruption ratio, decorrelation CTR, and motion effects. Section IV discusses the improvement in the MW-CEUS sequences over conventional single plane wave CEUS methods. Section V presents the conclusion.
II. METHODS

A. Multiplane-Wave Compounding
MW imaging [9] was proposed as a way to increase SNR in conventional coherent plane wave compounding [8] without sacrificing the spatial resolution or frame rate. To facilitate the concise presentation of the proposed method, herein we use an example of a two angle MW compounding sequence as shown in Fig. 1 . The same principles can be applied to any arbitrary number of compounding angles. As shown in Fig. 1 , the [+, 0, −] symbols in the legend represent the tri-state ultrasound pulses [13] . The [1, −1] labels in red represent Hadamard-encoded pulse polarities according to the secondorder Hadamard matrix
In each transmission event (i.e., pulse-echo event, TX #1 and TX #2), two tilted plane waves are emitted quasisimultaneously with a short interleaved time delay ( t). Each plane wave is coded with a +1 or −1 multiplicative factor following the entries of H 2 . Upon receiving, the RF signals are decoded through addition or subtraction to recover the signals as they would have been acquired from each steering angle. The signals from the first steering angle can be recovered by TX #1 + TX #2; whereas, the signals from the second angle can be recovered by TX #1 − TX #2. The decoded signals are realigned in the fast time to compensate for t, and then beamformed and compounded using the classic coherent plane wave compounding approach. MW compounding provides images with improved SNR as compared with conventional plane wave compounding with a preserved frame rate and spatial resolution [9] .
B. Combining Amplitude Modulation Sequence With Multiplane-Wave Compounding (MW-AM)
Different CEUS imaging sequences can be combined with MW compounding to increase SNR. In Section II-C, the AM sequence will be shown as an example to explain the combination strategy of MW-CEUS method.
In classic AM, two pulses are emitted individually in two separate transmission events. The amplitude in the second transmit pulse is reduced to half of the amplitude of the first pulse. Therefore, the two AM pulses can be described as +1 and +0.5 pulses, respectively. Fig. 2 shows a pulse design example of combining AM with two angle MW compounding using the proposed method. This MW-AM sequence contains four transmission events (i.e., TX #1-TX #4), each with four tilted plane wave emissions (i.e., Emissions 1-4). These four emissions from the same transmission event can be further separated into two pairs, each corresponding to one steering angle as Emissions {1, 2} and {3, 4}. Within each pair, two AM pulses (i.e., +1 and +0.5 pulses) are consecutively excited with the polarities listed in the fourth-order Hadamard matrix (2) . Both the amplitudes and polarities are labeled besides the emitted pulses in each transmission event in Fig. 2 . Like standard MW compounding (Fig. 1) , t is added between adjacent emissions. Note that t in MW-AM needs to be "sufficiently long" for the microbubbles to return to a relatively equilibrium status after the previous pulse excitation for proper decoding. ( t value was determined experimentally which will be given in Section II-E.)
The entire MW-AM transmission process shown in Fig. 2 can be described as
or expanded as ⎡
H 4 is a fourth-order Hadamard matrix, where each row corresponds to one transmission event and each column corresponds to the polarity of one emitted pulse in a given transmission event. P is a column vector. Element p +1, j is the echo RF signal acquired with the +1 pulse individually at the j th steering angle in classic AM; whereas, p +0.5, j is the echo RF signal acquired with the +0.5 pulse at the same j th steering angle. M is a column vector with elements of m l , which is the received echoes from the lth MW-AM transmission event (e.g., m 1 is the received signal from Fig. 2 , TX #1). 
C. MW-AM Sequence Decoding and Recombination
After receiving the MW-AM coded transmissions, the received RF signals (i.e., m l ) are first filtered by a bandpass filter centered on the transmit center frequency. This filter is used to eliminate second-harmonic signals, which do not follow Hadamard encoding [10] . Then, the filtered signals undergo the same Hadamard decoding steps as in MW imaging using addition and subtraction, as shown in the second row of Fig. 3 . The decoding step can be described as ⎡
The decoded pulse pairs, p +1, j and p +0.5, j , are equivalent to those that would have been obtained by individually exciting the classic +1 and +0.5 AM pulses in two separate transmission events at steering angle j. The amplitudes of the decoded microbubble signals, however, can be enhanced four times through H 4 -MW encoding and decoding [ (2) and (3)]. After decoding, all pulses need to be realigned in fast time by shifting the decoded RF signals to compensate for t introduced by MW encoding. Afterward, the same recombination step used in classic AM is applied to all pulse pairs as p +1, j − 2 p +0.5, j to cancel the linear tissue signals (Fig. 3 , third row). Then, conventional plane wave beamforming and compounding are applied to the realigned RF data from different angles to form the final compounded image (Fig. 3 , last row).
D. Nonlinear Tissue Signals in MW-AM Imaging
The microbubble detection efficiency of CEUS imaging is affected by residual tissue signals (linear and nonlinear) after pulse recombination. Several groups reported that tissue still showed significant nonlinear responses even under low MI [14] , [15] . The tissue nonlinear response can be modeled using the Taylor series expansion [5] as
where a n is the coefficient describing the nonlinear contribution from each term and p(t) is the transmit pulse. If p(t) is simplified as cos(ω 1 t), where ω 1 is the angular frequency, then the second-and third-orders tissue nonlinear responses are
Equation (6) implies that the third-order nonlinear term contains energy within the fundamental bandwidth [5] . Assuming in classic AM imaging, the tissue echo RF signals from the +1 and +0.5 pulses are described as
Then, after tissue echo signal recombination, we have
The recombined tissue signals contain both second-and thirdorder nonlinear terms that cannot be canceled. As shown in (6), the third-order nonlinear term contains nonlinear energy within fundamental bandwidth, and such component cannot be removed by the fundamental bandpass filter used in MW-AM. This third-order nonlinear energy is amplified by MW, and may increase tissue clutter signals in higher order Hadamard encoding, especially in the near-field imaging area (see Section III). In addition, higher encoding orders results in larger dead zone at the near field due to longer transmit duration. Hence, coding order selection is a tradeoff among far-field electric noise suppression, near-field tissue harmonic amplification, and near-field dead zone region. The coding order must be optimized to improve MW-AM image quality.
E. Phantom Experimental Setup
The proposed MW-AM imaging method was tested using two tissue-mimicking phantoms that were fabricated described previously [16] . Phantom 1 had a 7-mm-diameter wall-less flow cell that was approximately 5 cm deep and centered laterally. Phantom 2 had a 4-mm-diameter wall-less flow channel that was embedded at an oblique angle to the imaging surface and placed approximately 10-25 mm deep (refer to Section III for images). A suspension of the microbubbles (Definity, Lantheus Medical Imaging, North Billerica, MA, USA) was diluted in saline to a ratio of 0.1:1000 [17] . A syringe pump (KD Scientific Inc., Holliston, MA, USA) was used to allow the microbubble suspension to steadily flowthrough the CEUS cell or channel at an approximate flow speed of 7.5 mm/s to replenish the microbubbles before each measurement. All the measurements were completed within 5 min after the suspension preparation.
The Vantage system (Verasonics Inc., Kirkland, WA, USA) with a linear array transducer L11-4v (Verasonics Inc.) was used throughout this paper. Classic AM plane wave imaging and MW-AM sequences were tested, following the strategy as described in Section II. Their performances were investigated under different MI values (range of 0.04-0.4). A single pulse compounding image (i.e., conventional plane wave compounding) was also acquired as a reference. Eight compounding angles (−7°, −5°, −3°, −1°, +1°, +3°, +5°, and +7°) were selected using a pulse repetition frequency (PRF) of 6.25 kHz. In AM and MW-AM imaging, each angle was excited twice by the +1 and +0.5 pulses, respectively, leading to a 390-Hz postcompounding frame rate for both imaging techniques. The postcompounding frame rate for single pulse compounding sequence was 780 Hz. The 16 pulses in classic AM (i.e., two AM pulses emitted at eight compounding angles) were encoded by a 16th-order Hadamard matrix (i.e., H 16 ) in MW-AM transmission. In addition to H 16 , three alternative encoding strategies-H 2 × 8, H 4 × 4, and H 8 × 2-were tested with the same postcompounding frame rate. The first term in the expression (i.e., H N ) represents the coding matrix used in MW-AM, and the second term represents the repeated transmission times needed for a given coding matrix to cover all steering angles (i.e., for 16 angles, multiplying the subscript of H by the second term should equal to 16). These encoding formats were obtained by evenly dividing the steering angles into subgroups, and each subgroup was separately encoded with a smaller order coding matrix. For example, in H 4 × 4 as shown in (9), the eight steering angles were divided into four subgroups, each with two angles. Two pulses (+1, +0.5) were emitted at each angle, resulting four pulses in total in each subgroup. Hence, the "H 4 " represents each subgroup was encoded by H 4 , and the second term "4" represents four H 4 matrixes were needed to encode all the transmit pulses at all steering angles
In AM or MW-AM imaging, the +1 pulse was a one-cycle pulse with a center frequency of 4.5 MHz. The −1 pulse in MW-AM was transmitted by inverting the pulse polarity of the +1 pulse. The ±0.5 pulses were delivered by reducing the duty cycle of the ±1 pulses to 50%. The data of all pulse sequences were received with a full-aperture array and sampled at 36 MHz. The fundamental frequency bandpass filter that was applied to all AM and MW-AM imaging was designed as a Hanning window with cutoff frequencies at 3 and 7 MHz, respectively (i.e., Hanning window gets to zero at 3 and 7 MHz). The short interleaved time delay ( t) between tilted pulse emissions in MW-AM was 1 μs to allow microbubbles to settle between adjacent excitations. This value was selected based on experimental findings showed that no significant image quality improvement was found when t was greater than 1 μs. Such t led to 3.7-, 5.9-, 10.1-, and 20-mm near-field dead zone length for H 2 × 8, H 4 × 4, and H 8 × 2, and H 16 -encoding cases, respectively.
Image quality metrics such as CTR, lateral and axial resolutions, and SNR were evaluated and compared for all sequences. CTR was calculated as the mean value difference between contrast region and tissue background [7] . The lateral and axial spatial resolutions were calculated using the speckle autocovariance function in the contrast region [18] . The MI impact, microbubble disruption ratio, decorrelation CTR, and motion effect were studied and compared between AM and MW-AM.
F. In Vitro Porcine Heart Study
The MW-AM method was also tested with an in vitro porcine heart using the H 4 × 4 configuration as described above. MI was set to 0.1. The L11-4v was replaced by a phased array transducer, P4-2v (Verasonics Inc., Kirkland, WA, USA), for heart imaging. Accordingly, the transmit center frequency was changed to 3 MHz with the fundamental bandpass filter ranging from 1 to 5 MHz. The beam open angle was 60°, and the PRF was 2.5 kHz to allow adequate imaging depth. Other experimental parameters were kept the same. During image acquisition, the heart was immersed in degassed water. A piece of pork belly was added between the heart and transducer, and was placed close to the transducer surface to simulate body wall. Then, the classic AM and MW-AM sequences were executed consecutively with fresh microbubble solution flushed into the left and right ventricles before measurement. Fig. 4 shows the flow-cell phantom images acquired using . The gradual enhancement of the CTR values from (c) to (f) was due to the improved microbubble responses with increased number of pulse excitations when using higher encoding orders. However, such CTR enhancements became less and less notable from (c) to (f). In addition, the tissue clutter signals in the near field also arose with higher coding matrix orders [i.e., the region inside the dashed box on top of the image (f), further analysis will be given in Section III-A2]. The lateral and axial resolutions were estimated using the speckle autocovariance function [18] for the flow-cell images acquired with single pulse compounding, and AM implemented in both conventional plane wave compounding and MW encoding (Fig. 4) . The values are shown in Table I . All AM images provided comparable lateral and axial resolutions under both conventional plane wave imaging and MW compounding. This concordance can be attributed to the similar transmit aperture and imaging center frequency used in these sequences. This demonstrates that the spatial resolution of MW-AM can be preserved and is comparable to that of the classic AM imaging method.
III. RESULTS
A. Flow-Cell Phantom Results
1) Improvement in MW-AM Flow-Cell CTR:
2) MW-AM Microbubble and Tissue Echo Amplitude Increase Ratios Compared With AM:
In this section, we will analyze the increase in amplitude ratios of the MW-AM microbubble and tissue echoes with respect to those acquired using classic AM. The increases in the amplitude ratios were calculated at different encoding orders (i.e., H 2 × 8, H 4 × 4, H 8 × 2, and H 16 ). Because the encoding order increases in MW-AM, the microbubble and tissue amplitudes are expected to increase linearly with the encoding orders. To estimate both amplitudes, we obtained the RF signals corresponding to microbubbles and tissue, respectively, which were processed using the aforementioned fundamental filtering, signal decoding, and recombination. Then, the fast Fourier transform was applied to RF signals to obtain spectra. The maximum value of each spectrum around the transmit center frequency was estimated as the corresponding echo amplitude. Fig. 5 shows the measured increases in the MW-AM amplitude ratios of the microbubble and tissue signals with respect to classic AM. MI of all transmit pulses was set to 0.1. In Fig. 5 , when lower encoding orders were used (i.e., 2, 4, and 8), the discrepancies of the measured microbubble and tissue amplitude ratios remained negligible compared with the expected linear ratio. However, when the order increased to 16, the measured microbubble amplitude ratio no longer followed the linear trend. This change may be due to: 1) microbubbles were disrupted with the increased number of emitted pulses [12] ; 2) stronger microbubble nonlinearities with higher order encodings caused imperfect decoding; and 3) microbubble echo coherence decreased with a large number of pulse excitations (i.e., 16 pulses× 16 transmission events = 256 pulses in H 16 -MW-AM) [19] . On the other hand, the measured amplitude ratio of the tissue clutter signals followed closer to the linear trend of H 16 . The decreased microbubble amplitude ratio and retaining tissue amplitude ratio led to the stronger near-field tissue clutter signals shown in Fig. 4(f) . Such tissue clutter signals were weak in the far field when using larger encoding orders. The possible reasons may be: 1) the incident acoustic energy was insufficient to excite nonlinear tissue energy in deeper region or 2) the nonlinear tissue energy generated from far field were attenuated after traveling back to the transducer.
To improve MW-AM image quality, coding order selection must be optimized to minimize near-field tissue clutter signals, completely decode microbubble signals, and maintain microbubble signal coherence. In all of the following studies, the H 4 -MW-AM configuration was selected and compared with classic AM imaging.
B. Flow-Channel Phantom Results
Fig . 6 shows the flow-channel phantom images obtained with (a) classic AM and (b) H 4 -MW-AM. CTR were analyzed as a function of depth in both methods, and the values were shown in Fig. 7 . MW-AM preserved the improved CTR values at different imaging depths as compared with classic AM because of the stronger microbubble responses caused by the longer transmit pulse. This result is in agreement with the flow-cell phantom images. Both curves had a similar trend: first CTR increased (from approximately 0.04 to 0.15), and then CTR decreased with increased MI. The early increase in CTR is a direct result of the increased microbubble signal amplitude from increased acoustic pressure. The latter decrease in CTR may result from the increase in the nonlinear background tissue signals that outweighed the increase in the microbubble signals, and more microbubble disruption that occurred at higher acoustic pressures.
C. CTR Changes With MI
D. Disruption Ratio
Using the flow-cell phantom and different MI values, the microbubble disruption ratio in MW-AM imaging was also compared with classic AM imaging. For this comparison, the location of the flow cell was changed to a 15-mm depth, which matches the elevational focus of the L11-4v probe. For a given MI, the microbubble flow was first stopped (i.e., a still microbubble solution being imaged), and the AM or MW-AM transmit sequence was repeated 100 times over the same population of microbubbles within the flow cell. The microbubble intensity ratio between the last frame and the first frame was calculated to estimate of disruption ratio [12] . The time scale between the first and last frames was 256 ms at a 390-Hz postcompounding frame rate for both AM and MW-AM. The disruption ratio was measured five times for each MI, and fresh microbubble solution was used for each measurement. Fig. 9 shows the disruption ratios estimated for AM and MW-AM as a function of MI. The two curves are very close (similar mean disruption ratios), even though the spatial peak temporal average intensity (I SPTA ) is four times higher in MW-AM than AM. This result agrees with the literature that MI or peak negative pressure is a dominant factor for microbubble disruption compared to I SPTA [12] .
E. Quantifying Decorrelation CTR
Microbubble echo signal variations can be induced by microbubble motion and disruption. These variations usually generate contrast compared with the surrounding static tissues. However, such contrast sometimes may not truly represent the microbubble nonlinear responses. As a result, in this case, CTR between the microbubbles and the tissue background is referred to as decorrelation CTR [12] . To validate the CTR improvement observed in MW-AM in this paper is a result of improved SNR of microbubble echoes rather than decorrelation CTR caused by microbubble motion or disruption, the following study was performed. Sixteen identical transmission events were conducted in both AM and MW-AM. For AM, the same +1 pulse at the same steering angle (e.g., −7°) was emitted 16 times. No +0.5 pulse was emitted. For MW-AM, the transmission event as in Fig. 2(a) was repeated 16 times. Afterward, the absolute differences between each of these 16 frames acquired using identical transmission events were summed to calculate the differential images [12] for AM and MW-AM [i.e., (|Image 1 − Image 2 | + |Image 2 − Image 3 | + · · · + |Image 15 − Image 16 |)]. Using this setup, any microbubble signal difference between consecutive transmit pulses should solely be the result of microbubble decorrelation due to microbubble motion or disruption. Fig. 10 shows the decorrelation CTR measurements for both AM and MW-AM with different MI values. The decorrelation CTR was close to 0 dB for AM and MW-AM when MI was less than 0.15. Decorrelation CTR increased when MI was greater than 0.15 using either method, with a higher increasing rate in MW-AM. As shown above, MW-AM has a similar disruption ratio as AM, which implies that the higher decorrelation CTR of MW-AM with higher MI may be mainly a result of increased microbubble motion under an increased acoustic radiation force. Nevertheless, when MI was kept as low as 0.1 which was the case in Fig. 4 , the improved CTR in MW-AM over AM should be primarily attributed to the increase in the microbubble signal energy that results from MW encoding, rather than microbubble decorrelation. It is worth nothing that even though MW-AM had increased decorrelation CTR at higher MI levels compared to AM, when considering the perfusion at the capillary levels, the radiation force effect may not be important.
F. Motion Effect
A preliminary study is performed to estimate and compare the tissue motion effects in the proposed MW-AM method and classic AM. Experimental flow-cell phantom data from Fig. 4 were used. In this paper, we first assume that tissue moves at a uniform speed (v, cm/s). Then, the tissue undergoes z displacement, defined as z = v/PRF, between adjacent transmission events. Therefore, to simulate z displacement of the flow-cell phantom, we add a T time shift to the acquired channel RF data between adjacent transmission events.
T can be calculated as T = 2 z/c = 2v/(PRF · c). (c is the speed of ultrasound in soft tissues; c = 1540 m/s). Then, in this paper, the time shifts added to the 16 transmission events are 0, T , 2 T, . . . , 15 T , respectively. Fig. 11 shows the CTR measurements at various tissue motion speeds. The CTR obtained in AM and MW-AM decreased at similar rates with increased tissue motion speeds. In addition, MW-AM was able to preserve its CTR gain over AM at all tissue motion speeds, which suggests that MW-AM has comparable susceptibility to motion artifacts as conventional AM imaging. Fig. 12 shows the in vitro porcine heart apical view images acquired with (a) classic AM and (b) H 4 -MW-AM, IV. DISCUSSION This paper described a new strategy of combining CEUS pulse sequences with MW imaging using the example of AM imaging. The MW-AM sequence mainly uses the nonlinear energy from the microbubbles at fundamental frequency because they can be properly encoded and decoded by PI. Microbubble contrast and SNR significantly improved after combining AM with MW imaging. Spatial resolutions were also preserved. These enhancements have been demonstrated experimentally in tissue-mimicking phantoms and in vitro porcine heart studies. MW-AM also had a comparable disruption ratio and motion artifacts as classic AM imaging. These results show the promise of extending CEUS imaging for different applications such as endocardial border delineation in deeper segments, imaging small vessels with weak flows, and high-frequency CEUS imaging in which the microbubble detection efficacy can be severely undermined by frequencydependent attenuation [20] .
G. In Vitro Porcine Heart Results
This paper demonstrated enhanced MW-CEUS imaging performance compared with classic CEUS using AM as an example. In this paper, AM was implemented by emitting consecutive +1 and +0.5 AM pulses. The +0.5 pulse was delivered by reducing the duty cycle of +1 pulses to 50%. However, modifying the duty cycle can introduce harmonics to the transmit pulse. Alternatively, for AM plane wave imaging, a checkerboard transmission pattern [12] can be used.
This pattern usually includes three transmission events: 1) firing all the odd elements; 2) firing all the even elements; and 3) firing the entire array. The summation of the returning echoes from the first two transmission events is subtracted from the echoes from the third transmission events to cancel linear tissue signals. Checkerboard AM improves linear signal cancelation and requires less hardware complexity [19] . For Checkerboard AM, similarly, the pulses in different single plane wave transmissions (i.e., odd, even, or full-element firing at different steering angles) can be divided into subgroups for MW encoding. For example, Checkerboard AM with four compounding angles has 12 transmit pulses in total. These pulses can be divided into subgroups of 4 and 8, and then encoded by H 4 and H 8 matrixes, respectively. Note that checkerboard AM will result in lower frame rate than AM with different pulse amplitudes.
The PI and PIAM methods can also follow a similar pattern for MW encoding and decoding. Because PI is involved in MW encoding, MW-AM and MW-PIAM are equivalent and expected to achieve similar results. For MW-PI, as opposed to standard PI imaging, the second-harmonic component needs to be removed by the fundamental bandpass filter because it does not follow Hadamard encoding. Contrast-enhanced PI imaging with fundamental nonlinear energy has been introduced in [14] , and the microbubble echoes showed significant energy at the fundamental frequency even after PI cancelation, which is adequate for imaging. Therefore, we expect MW-PI to improve contrast-enhanced PI imaging based on the same principles introduced for the MW-AM method used in this paper. In addition, MW encoding for all CEUS sequences (i.e., AM, PI, and PIAM) can be adapted to diverging waves [21] or other transmission encoding formats such as ultrafast synthetic aperture imaging [22] . These flexibilities extend the potential of MW-CEUS to meet the requirements of different applications.
Comparing to CEUS in coherent plane wave compounding, MW-CEUS has an equivalent MI, but a higher I SPTA because of its longer transmit pulses. Considering the low MI (i.e., MI < 0.1) for CEUS imaging, the increased I SPTA may not be a limiting factor for real-time imaging. Increased I SPTA did not cause significant changes in the disruption ratio or decorrelation CTR under low MI as compared with conventional AM imaging. These properties make the technique promising for CEUS imaging of deeper tissues that require better imaging penetration, such as liver lesion characterization and endocardial border delineation. Besides MW-CEUS imaging, other temporally encoded transmission formats could also be combined with CEUS imaging, such as Golay codes [17] , [23] or chirp [24] . Similarly, these formats are also expected to improve microbubble responses by transmitting longer coded pulses. Difficulties may exist in fully decoding the microbubble echoes due to nonlinearities. In the future, it would be interesting to systematically compare the performances of MW-CEUS with these temporal encoding methods.
V. CONCLUSION
This paper, described a new strategy of combining CEUS with MW compounding, using the example of AM.
The MW-CEUS imaging method provided improved CTR and SNR compared with the corresponding CEUS sequences in conventional plane wave imaging. Spatial resolution was preserved without introducing extra microbubble disruption or decorrelation under low MI. The significant improvement in image quality and flexible combinations of CEUS sequences and coded transmission schemes offer the potential to use CEUS methods in different applications.
